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higher coverages, 6, , onto clean polycrystalline layers of SrO and BaO. In
efforts to model se?gcted features of oxide cathodes, the oxide layers were them-
selves prepared on a clean nickel support by evaporation and subsequent oxidation
of multilayer deposits of strontium metal (to ultimately yield Sr0) or-of.barium
metal (to ultimately yield BaO). Plots of Ap vs. 6, confirm the expected declind
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atively the profile of Eﬂese Ba -induced changes in work function £ or freshly
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surface structure oxide suppogg.

Possibilities for significant influence of the surface structure of 'mixed
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greatly enhanced activity and its dependence upon level of loading of 'the
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PREFACE

The work described on this report originated from an interest - shared by
the Principal Investigator with AFOSR scientists at EOARD and at AFWAL -
in reassessing the surface-electronic and surface-defect properties of the poly-

crystalline alkaline earth oxides on which Oxide cathodes are based.

Dr. T.W. Haas at AFWAL/MLBM, Wright Patterson AFB was Program Manager throughout
both phases of the work: Phase One, from 1 October, 1981 to 36 September, 1982,
sponsored by EOARD and funded under Grant No. AFOSR~82-0023; and PhaseTwo, from
1 March, 1983 to 29 February, 1984, sponsored by AFWAL and funded under Grant

No. AFOSR 83-0074.

Professor J. Cunningham at University College Cork was Principal Investigator
throughout both phases of the project. Novel features of the project were the
design of model systems which modelled various aspects of Oxide Cathodes and the
application to these systems of techniques not previously utilised to assess
surface-defect and surface-electronic properties of Oxide Cathodes, Dr. John
Nunan, who was funded as a Postdoctoral Research Associate throughout the
project,was involved in all experimental aspects of the project. The work has al-

ready resulted in submission of three papers to scientific journals.
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SECTION I
INTRODUCTION

This report desctjggf)and*interprﬁts results of new experimental’
Kétudies made upon systems selected for their ability to model various
important features of oxide cathodes and the mechanisms which enable

them to function as efficient thermionic emitters at moderate temperat-

ures.

.\
Y .

Firstly,‘gp account is given of experiments which aimed to
simulate condiégons upon the surfaces of polycrystalline samples of
alkaline earth oxides (e.g. SrO and Ba0/Sr0 or Mg0 and BaO/Mg0) at
various stages of their preparation in similar fashion to that used in
the thermal activation of oxide cathodes.| One novel feature of this
group of experiments was the development(lf photoluminescence
measurements in the wavelength region 276-500 nm as a surface-sensitive
spectroscopic technique for probing chaﬁges in electronic energy levels
of extrinsic surface states during the?mal activation of mixed oxide
systems. Recent computations on mixed-oxide systems such as Ba0/Mg0
indicate a strong driving force for segregation of Ba’* to the surface
and for pronounced reconstruction (rumpling) of the surface monolayer -
caused by the need to accommodate the large Ba2* cations.

A preliminary comparison is made between changes in electronic energy
levels expected from such Ba2+—re1ated surface reconstruction and the

changes in electronic energy levels inferred from photoluminescence

measurements,

YV
Secondly, accounts are given of experiments which examined the
interaction betﬁeen the gases 0, N,0, H, or CH, and appropriately
preactivated surfaces of pure and mixed alkaline earth oxide samples.

Such experiments were of interest,not only in the context of improving

..............................
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the understanding of how residual gases deactivate oxide-cathode

surfaces, but also in assessing the value of the gases as'molecular probes'
‘possessing a capability for signalling the existence of particularly
active surface sites at various stages in the activation/deactivation

of alkaline earth oxide surfaces.

Thirdly,\gkcounts are given of experiments involving the _
controlled depd;ition in UHV conditions of zero-valent Bae/ga-atoms - 1in
amounts ranging from submonolayer to multilayer coverage - upon layers
of Sr0 or Ba0 previously prepared in UHV conditions by evaporation of
the corresponding metal and its subsequent oxidation;\ These experiments
related particularly to the important role widely envi;aged for a thin
coating of Ba? species upon oxide cathode surfaces in minimising their
work-function under steady-state operation. Measureﬁents of work function
changes with increasing coverage,® Ba’ of the surface by Ba® thus
represented an essential component of these studies and are reported for
Ba® upon Sr0 and upon Ba0 layers.

/

Finally,xﬁPS spectra have been undertaken in order to examine
surfaces of samples prepared by evaporation of barium metal or strontium
metal and to study effects upon the UPS spectra by exposures to the gases
N20, 02 and CHg.,\The relevance of such reexamination of these systems
by UPS stemmed from the following inferences drawn by earlier workers from

thefr UPS studies of the oxidation of evaporated layers of barium or

strontium: (i) diffusion of oxygen into the barium films with insignificant

change (at the high energy end) inthe UPS for very small 0, (<13L) exposures
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manner remains somewhat controversial,since the following difficulties/
alternatives can be envisaged: (1) although large differences in
Madelung potential have been advanced as an important contributory
factor towards the 2-4eV red shifts of transitions 1d, lc and 1b
relative to la, the adequacy of energy changes thereby attainable has
been questioned on the basis that considerable relaxatifon/re-organis- N
ation would occur around extended topographical features such as steps.
This would, relative to the unrelaxed cases, significantly diminish

the differences in Madelung potential between relaxed location having
degrees of co—-ordinative unsaturation differing nominally by integers
of point charge (12); (ii) proposals by Heinrich et al. on the basis
of UPS evidence, that extrinsic surface states on surfaces of some
single crystal oxides are attributable to cations left with diminished
co-ordination through the creation of anion vacancies, i.e. at point
defects rather than at extended topographical defects (13); (i1i) de-
monstrations that large red-shifts, plus good correlation of transition
energies with those of excitonic transitions, are not conclusive in-
dicators of excitonic character. Indeed, for alkali halides, these
features are exhibited to a marked degree by transitions involving the
excitaton of electrons trapped at point defects (14). Mindful of these
differing possibilities, the method of presentation adopted throughout
this series of papers will be, on the one hand to utilise as convenient
working hypotheses existing models differentiating between surface-~
excitons on the basis of differing degrees of co-ordination at various
(unspecified) surface locations, whilst on the other considering the
extent to which other models, such as those involving point defucts,

and adsorbates, may likewise account for the observed results.

16
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are at surface locations and do not enjoy full octahedral co—ordination
(7,8). According to the interpretation espoused by Stone et al.,
features II and III in the reflectance spectra are to be associated
with photo-generation of surface excitons involving ions having only
four-fold or three-fold co-ordination, e.g.

(Eqn. 1b) [, (s, o‘c(zg)z‘ — Ny (e °4c(215’):.| *

(Eqn. 1¢) (1 (2s)*, 0, 2H* 1w b b, o, b7 *

Variation of these transition energies for the different alkaline-earth

oxide in accordance with the Mollwo-Ivey relation for localised excit-
ons lent support to the interpretation of features II and III in terms
of localised surface excitons. However, the transition energies of
feature I vere observed to vary in similar fashion to €reely diffusing
excitons of the bulk and this has been assigned to photogeneration of
surface excitons at surface locations involving ions having five-fold
co-ordination, e.g.

(Eqn. 1d) [Hsc(ns°)2+, 05c(23)21_n.)1 —"I.;’Sc("%)+’ oSC(zg)‘] *
Possibilities for migration of this type of surface exciton have been
proposed (9) and will be examined experimentally in this sequence of
studies by doping the surfaces of Mg0, Ca0 and SrO with BaO. This
latter should act as a trap for surface excitons of the host oxide,
since Ba0 excitonic energy levels lie at lower energies than corres-
ponding excitonic levels for the other oxides.

Interpretations favouring step—edges or corners as the surface
topographical features mainly responsible for the existance of anions
and/or cations with four-fold or three-fold co-ordination, have been
strongly espoused not only by Stone and co~workers (see above) but

also by Tench et al.,(see below). Rigid interpretation in this
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Introduction

Absorption features lying to the long wavelength side of their
absorption edges, and attributable to the photogeneration of correl-
ated electron~hole pairs within the lattice (i.e. 'bulk-excitons'),
have been reported for single crytals of high-purity alkali halides
(1,2) and for some alkaline earth oxides, (3,4). In terms of the
tight binding approximation (generally considered applicable to these
groups of highly ionic solids) such bulk-exciton transitions may be
thought of ss promoting an electron from an anion site enjoying full
octahedral co-ordination onto esimilarly co~ordinated adjacent cation
site$S. Thus within the bulk of .o perfect single crystal composed of H::

and Oiz ions, the upward transition may be approximated by

Emission of uv photons arising from the corresponding reverse trans-
1tions has been observed with many of these ionic solids (5,6).
Spectroscopic observations reported in the present series of
papers for the isostructural alkaline earth oxides, MgO, CaO, SrO and
Ba0 relate, however to other electronic transitions which are
displaced to longer wavelength by 2-4eV relative to bulk-exciton
transitions. These are most readily observable ia samples of high
surface area, such as powdered oxide samples prepsred by thermal
decomposition of the corresponding carbonates or hydroxides in vacuo
at high temperatures. Careful reflectance measurements, mainly by
Stone et al., have revealed three partially resolved absorption
features, vhich they denote by I, II and II1 respectively and which
they interpret in terms of 'surface excitons', i.e. transitions aral-

agous to Eq. la, except that the anion and/or cation sites involved

14
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Surface Reactivity and Spectroscopy Compared for Alkaline Earth Oxides:
Part 1, Dependences upon Temperature of Preactivation for Sr0

John Nunan, John A. Cronin and Joseph Cunningham,
(Chemistry Department, University College, Cork, Ireland).

ABSTRACT

High surface area samples of strontium oxide, prepared by thermal
decomposition of high purity SrCO3 in vacuo,have been examined for
their reactivity/catalytic activity towards molecular gas probes and
for luminescence spectra. Temperature profiles are reported, as a
function of prior outgassing temperature, for the development of room-
temperature excitation and emission spectra. These are compared with
temperature profiles for the development of room-temperature catalytic
activity for R -type oxygen isotope exchange, 1602 + 1802"".,_.." 2160180.
and for development of activity for nitrous oxide decomposition, at
various temperatures. Consideration is given to interpretations of
the results in terms of ions at co-ordinatively unsaturated surface
locations, to the extent to which these are exposed after thermal

activation at various temperatures, and to the involvement of point

defects in the surface locations responsible for the various surface

processes.
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APPENDIX A

TITLE: Spectroscopic and Kinetic STudies of Surface Processes on
Alkaline Earth Oxides

Part I: Strontium Oxide Preactivated at various Temperatures

MAES: John Cronin. John Nunan & J. Cunningham

A Paper based on these results has been submitted to J.Chem.Soc.(London).

Faraday Transactions. for publication.
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oxidiZed layer to ca. 500°C in UHV restored intensity into the -1.5 V
feature relative to that at -3 V, in a manner consistent with restoration
of a surface composition having regions of metallic barium plus dispersed/
isolated 02~ species. Such indirect support for the existence of regions
of barium metal was all that could be arrived at in this UPS since since

direct observation of metallic-1ike photoemission at EF of barium metal was not
accessible due to lack of provision for applying electrical bias to the sample
and to presumably very lowwork function of barium metal regions of the surface.

For reasons just given, direct observation of the metallic-like
emission from Sr° was not accessible, Photoemission features of bulk
Sr0 or of chemisorbed oxygen were expected to be accessible in UPS of srf/
Sr0 prepared by evaporations from a commercial strontium evaporator onto

a tantalum source. Our experiments showed only the growth of a rather broad

(width at half height .3V) UPS feature peaking at ca. -3.5 V relative to the
EF position initially measured for tantalum and indicating some Sr0
formation. Additional broadenings of this band upon exposures to

N,0 (50 L) or 0, (50-100 L) at room temperature were consistent with
further oxidation towards stoichiometric Sr0. Subsequent heating of the
oxidised layers up to 600°C in vacuo caused this latter broad band to be
replaced by a narrow UPS feature peaking at ca. -2.5 V relative to the
position measured for EF of tantatum, This sharp UPS feature was
reminiscent of a strongly favoured photoemission identified in the
literature with 02~ species dispersed in a surface layer of sro,

This feature at -2.5 V w,r.t. EF tantalum was not removed by exposure

to gaseous CH, (3000 L) at 600°C.

n
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coverage from "break-point" plots upon the AES features of Ba® (ef. fig. C-2)
Results of these procedures for the ¥Z/Sr0/Ba° system (cf. figure ¢-3

of Appendix C) demonstrate clearly an initial sharp drop in work function

as 6.0 increased to ca. 0.2 monolayer equivalents, followed by a flat
plateau wherein no further reduction of ¢ with ®ga occurred while the
latter increased to ca. 0.7 m.e.,at which coverage the work function

rose towards the value characteristic of metallic barium. The results
confirm experimentally the important role of submonolayer coverages by Ba®
in bringing about and maintaining a sizeable reduction of work function of
the Sr0 surface - such as has been widely proposed to be essential for
stable,long-term operation of oxide cathodes. Qualitatively dissimilar
effects were observed with the ¥:°/Ba0/Ba° model systems prepared and
examined in similar manner.. °'The probable origins of this anomaly are being

considered in view of observed effects of visible 1ight and of subsequent
measurements made on this system by the group of T.W. Haas at WPAFB.

.

TYPE IV Stidies (relating to UPS measurements upon surfaces of evaporated
barium or strontium layers and changes caused therein by exposures to

N,0, 09 and C'Hl,).

Evaporation of barium onto a ‘clean' tantalum foil substrate,which initially
allowed the observation of photoemission from d-band states of EF of tantalum,
resulted in 1its replacement by a double humped photoemission band, the
two components of which peaked at -1.5 and -3V relative to that measured
previously for EF of tantalum and were attributable to a partially
oxidised barium layer. (Partial oxidation resulted from insufficiently
good vacuum during the evaporation process). Exposure of this partially
oxidised Ba/Ba0 layer to 10°° torr 0, at room temperature strongly enhanced
the feature at -3V relative to that at -1,5 V,in a manner consistent with .
transformation of the surface regions more completely towards bulk Ba0 and

away from an initial surface composition including region of metallic barium,

into (or onto) which some 02" was dispersed. Subsequent heating of the
10 :




flow mode after large exposures to N>O were not sensitive to, nor
suitable for, detecting effects of surface defects - witness the

fact that the ratio of N, to 0, product took values of 2.0:0.1 in such experiments.

3, IYPE III sgg ig (relating to changes hduced by zero-valent Ba® ad-atoms
! at submonolayer to multilayer coverage in the Work Function and ESCA of
' UHV-prepared substrates ineluding SrO and BaO. See Appendix C for

full details of these experiments).

Clean, chemically well-defined systems, designed to study

T a7 b

surface and interfacial properties of Wickel Substrate/Alkaline Earth

oxide/Ba° monolayer",arrangements which are of likely importance in the operation of
oxide cathodes, were prepared as follows in an UHV system equipped for

XAES: (i) thermal outgassing and argon ion bombardment of a nominally 1

pure nickel foil,until XAES of the foil yielded the AES spectrum

PSS TR ...

appropriate to a 'clean' nickel metal surface, i.e. freed from all but

minor residual traces of carbon and sulphur (ef. figure C-1);

(ii) Evaporation of multilayer amounts of sr? (or Bao). characterized by

.- WY e

the AES appropriate to Sr metal, onto the clean nickel substrate followed

by oxidation in high purity oxygen to yield an oxidized layer with AES
appropriate to Sr0 (or Ba0); (iii) periodic, carefully-controlled
evaporation of Ba® atoms onto the oxide layer, interspersed by XAES
measurements in UHV which allowed semi-quantitative evaluation of 0ga*

the surface coverage by 8a and of accompanying changes in the work

- e v e e o w———— .= am.vaem

function of the oxide surface; (iv) Parallel control evaporations (in

jdentical geometric configuration and with equal voltage supplied to

the Barium metal evaporator) so as to allow identification of monolayer
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Another gas-phase conversion which proved to be valuable as

S a 'molecular probe' for active surface sites 'frozen-in" upon alkaline

3 earth oxide surfaces following preactivation at high temperatures was the

. oxygen isotope equilibration process, :
3

: 0z(g) + 0zq) = 10010, .

E{ Following preactivation in vacuo at sufficiently high temperature > 1023 K, stront-
. ium oxide ,Sr0 (ex SrC0j;) surfaces exhibited varying degrees of activity

; for this process when aneuimolar mixture of 1€, and 180, was introduced

5. at room temperature. An approximately linear dependence of the extent

; of room temperature activity upon temperatures of preactivation above

] 1023 K (ef. plot it of figure A-64) measured for Sr0 surfaces shows

fs important differences from temperature profiles for development of

?; photoluminescence features. The differences could be consistent either,with less

- crucial importance of degree of coordination of ions at the surface for reactions of
molecular probes thereon than for photoluminescence from the same surface, or

}j alternatively with insensitivity of the rate determining step ®r surface

ﬁ; reaction towards the degree of coordination of surface oxide ions.

- Bvidence for an important role of surface defects in
the conversions of molecular-probe molecules upon the surfaces came from
studies of the dissociation of N,0 over Sr0 (ex SrC0;) surfaces at
758 K. Using both continuous-flow and pulsed-reactant techniques involving .
gas chromatography with thermal conductivity detection, clear evidence

for defect-aided incorporation of oxygen fragments (from N0 —3 N, + 0)

into the oxide lattice emerged from strong upward deviation in the ratio of

N, to 0, product,but only in the pulsed reactant mode (ef. figure A-7).

Steady state rates of decomposition observed in the continuous-
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Twe I Stujles (relating to interactions of 'probe' gas molecules, -
ineluding 0y, N30, CH, and Hy — with thermally preactivated surfaces
of polycrystalline alkaline—earth oxides. Appendices A and B should bé
consulted for full detaile of these experiments).

Reference has already been made (cf. fig.B-4b) to the strong
quenching effect which low pressures of 0, and N,0 exerted upon photo-
luminescence at room temperature from surface regions of Ba +/Mgo samples
which had previously been thermally activated in vacuo at 1273 K,

Quenching by 0, was fully reversible and
disappeared when the 0, was evacuated at 300 K,whereas only ~70% of the
quenching effect of N,0 was removed by such evacuation. Decomposition
of N,0 to give N, (but no Oz)vroduct in the gas phase was shown by mass
spectrometry to occur at preactivated Ba2+/Mgo - N,0 interfaces in the
same condition which gave irreversible quenching of photoluminescence
(cf. fig.B-5 of Appendiz B), It was concluded that quenching involved
the destruction of Tuminescence centres by reaction at 300 K with the
oxygen fragment from N,0 decomposition. Conversely, the totally reversible
nature of the quenching by molecular oxygeh pointed to only non-
dissociative interaction of 0, at 300 K with the luminescence centres upon

preactivated Ba2+/MgO surfaces.

Reversible effects upon photoluminescence at room temperature from
preactivated Ba2*/Mg0 were also observed with H, and CH,,but these
hydrogen~-containing reducing gases caused some enhancement of luminescence
and so contrasted strongly with the quenching effects noted above for the

oxidising gases 0, and N,0 at 300 K,
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FIGURE 1 - Difference Excitation Spectra for BaO/M0, Plot (A), Ba0/Ca0, Plot (B) ax
Ba0/Sr0, Plot (C), All sawles at loading >3 m.e.
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FIGURE 2 : Variation of Relative Intensities of Ba®*-related Emission with M) = 460 M
fram Bo2* /M0 saples having the Indicated Nominal Surface Loodings (monolayer

equivalents) of Ba?* (g = 335 M),
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sensitivity of these Ba2+-relqted luminescence features to quenching

by small pressures of 0, or N,0 ,(ef. figure A-4)

tﬁat the sites from which this Tuminescence originated were predomin-

antly located at the surfaces of these Baz+/Mgo, Ba2+/Ca0 and Baz+/Sr0 sam-

ples.

The differential photoexcitation spectra shown in figure 1
illustrate the extent to which the Ba’*-related surface luminescence
from these materials could be separated (on the basis of differing Anax
and/or differing spectral distribution) from luminescence of the
corresponding undoped oxide. Excellent separability is clearly achieved
for Ba®t/Mg0, ' That for Ba?*/Ca0 might also form the basis of a
spectroscopic method for evaluating the surface concentration of BaZ*,
However, the Ba2t/sr0 system, which approaches most closely to the likely ﬂ
situation at the surface of oxide cathodes (particularly when non-
operational after long periods of prior use), clearly would pose much
greater problems for reliable assessment of surface Ba“* concentration,
[Ba2+]s.on the basis of differential photoexcitation spectroscopy (d.px.s.)
based only upon differences in spectral distribution. Data in Fig. 2

show that at large differences in luminescence intensity between pure and

-
-
lw

»

Ba2+-doped Mg0 surfaces could represent another basis for determining
[Baz*]s on Ba2+/Mgo by d.px.s., at least up to ca. 0.6 monolayer equivalents

of Ba**. The ending in 1983 of our access to the luminescence spectrometer

T T, Y
*

prevented investigation of the applicability of intensity-based d.px.s. to

AT

determination of [Ba“]s on Ba2+/Sr0 materials, or actual oxfde-cathode layers.
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SECTION II
SUMARY - RESULTS AND _CONCLUSIONS
1, TYPE I Studles (relating to thermal activation of pure and mized alkaline

earth oxide pouders and photoluminescence measurements thereon. Appendiz A

should be cunsulted for full detaile of these experiments).

Completion of the conversion SrC0; — Sr0, with elimination of the
last traces of the aragonite structure of the ccrbonate (monitored by IR
of the solid), and virtual disappearance of Co, from the off-gases
(monitored by mass spectrometry) was demonstrated to require temperatures
in excess of 1073 and approaching 1173 K.

(ef. figures A~1 and 2).

A strong correlation existed between the temperature dependences evident in
figs. A-1 and A-2.
The latter were attributable to increasing availability of coordinatively
unsaturated Sré:s and Oi;s ions at the surface as residual COZ; and CO,
were progressively removed. In the photoexcitation spectrum the new
feature corresponded to a band with Apax 2t 3{5 nmwhilst in photoemission
Apax Was at 450 nm, (ef. figure A-2a,A-2Db).
of these features was achieved after outgassing of the Sr0 powder at

temperatures 1173-1273 K.

Although powdered BaO prepared from BaCO; yielded extremely weak

photoluminescence, the impregnation of soluble barium salts onto the

LER AR SEdn T Sl of o AV o L0 ot

surfaces of SrC0;, CaCO; or Mg(OH),, followed by their activation in vacuo
i at 1273 K, yielded intense new photoluminescence features whose intensities
varied in proportion to the level of doping of the surfaces by Ba’*,

[ ' (ef. figure B-1 of Appendix B).lt could be concluded, on the basis of strong
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and work function changes less than 0.1 eV; (ii) development at 0,
exposures 13 =3 200 L, of atom-like 02~ isolated species upon Ba,such 0°" being
characterized by an unusually narrow UPS feature ca. 5 V below EF and by
the fact that it did not attentuate a small metallic-like component in
the UPS; (iii) transition at higher 0, exposures to a thick-oxide Ba0
layer,characterized by a UPS feature of half width ca. 2.75 eV, still
centered around 5 V below Ees (iv) existence of a large number of
crevices in the Ba0 thick-oxide layer, as inferred from persistence of
the metallic-1ike (alkaline earth d-state) emission up to rather large

0, exposures and from an accompanying increase in reactivity (sticking
coefficient) for 0, » This latter observation led to a suggestion that
exposure of fresh Ba® surface accompanied the growth of Ba0O oxide up to

a cut-off thickness because of stress at the 3a0/Ba interface due to
structural mismatch (the Ba is bcc while the oxide is fcc and moreover
the barium-barium distance is shorter in Ba0). Inferences similar to

(i) = (iii) above have been drawn in the literature from UPS studies of
the oxidation of evaporated Sr layers but with the following differences
in emphasis; (v) retention of a metallic layer at the surface of the
oxidised layer at exposures up to 160 L was more explicitly demonstrated
on the basis of only minor changes in work function; and (vi) changes in
activity (towards 0, during initial oxide growth) were smaller and occurred

over a much smaller range of oxygen uptake than for Ba/BaO.
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Much of the publithd studies of surface processes upon high
surface area samples of alkaline~earth oxides prepared by decomposition
of the corresponding oxyanion salts has demonstrated rather strong
dependences of luminescence (9) and of surface reactivity (15) or
catalytic properties (16,17) upon the temperature and duration of
sample outgassing. Thus meximum activity for the isomerization of 1-
butene to cis- and trans- 2-butene was reported for Mg0O samples
pretreated at 873 - 973K (1l6a) whereas the maximum activity for the
hydrogenation of olefines was reported following evacuation at 1373K
(16b). It has further been found, in comparison of the abilities of
oxygen, hydrogen, ammonia or n-buthylamine to act as poisons, that
different selébtivities emerged for poisoning various types of
reaction over the same oxide catalyst. Thus over BaO,oxygen poisoned
more selectively the exchange reaction of butene with deuterium than
the isomerization reaction (17a). 1In the case of 1l-butene
isomerization over Sr0O (17b) n-butylamine and ammonia poisoned pre-
ferentially the formation of trans-2-butene. At higher outgassing
temperatures hydrogen treatment resulted in the retardation of the
formation of cis-2-butene while trans—2-butene was retarded by oxygen
treatment. Such observations strongly suggested: the existence of a
variety of active sites upon alkaline earth metal oxides; that some of
these sites were only fully developed following high temperature pre-
treatments, such as would remove the final traces of CO2 and H20 from
the surface (18); and that only a fraction of the surface was active
for the observed catalysis. The active sites have been variously
attributed (19) to Lewis acid-base sites involving, respectively,

cations and oxygen ions with various degrees of co-ordinative unsat-
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uration, (uc::) and (Oci;). Strong similarities may be noted between
these attributions and those in the working hypotheses of Stone and
Tench outlined above in connection with luminescence. This first
paper in our series explores the degree of correlation between
temperature dependences of surface reactivity and surface luminescence
for Strontium oxide. Subsequent papers will examine the influence of
Ba0 as a surface dopant upon the luminescence and the surface react-
ivity of Sr0 and CaO.

Experimental

Vacuum Procedures: Both the thermal decomposition of strontium

carbonate to SrO and its subsequent activity for N20 decomposition and
0;6/ 0;8 exchange were studied in a static quartz reactor using con-
ventional vacuum procedures with mass spectrometric analysis. In
order to follow the progress of the thermal decomposition of high
purity Srco3 ('Spex' spectroscopically pure grade) in the quartz
reactor, powdered sample was slowly heated to 1273K over a period of
ten hours,during which the total pressure was monitored and the gas
composition of gaseous decoimposition products determined by leaking
samples to a VG Micro Mass 6 mass spectrometer via a leak valve.

Nitrous oxide was supplied by B.D.H. Chemicals and had a purity of

greater than 992. Before contacting PN °t~’3.5 torr with the cat-
2

alyst, the gas was further purified by a series of freeze~pump—thaw
cycles, after which purity was further checked by leaking the gas

into the Micro Mass 6 through a by-pass valve. With the Sr0 catalyst
at temperatures in the range 673 - 873K, reaction was initiated by
admitting purified N20 and periodically obtaining the mass spectrum of

gas samples leaked into the Micro Mass 6. Reaction temperature and

18
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catalyst mass were chosen such that the reaction time for 50X conver-

sion was greater than ten ainutes. Under these conditions the
reaction rate was found not to be limited by diffusional effects.

For oxygen isotopic exchange studies, an isotopically mnon-
equilibrated mixture consisting of 502 0;6 + 502 0;8 wvas employed
(Norsk Hydro). This gas was contacted with the catalyst at room temp~
erature. The mass spectrometric procedure was the same as for uzo
decompogition, but oxygen pressures in the range 0.1 to 0.0l torr were
used. In general SrO was activated prior to reaction by heating under
vacuum to the required activation temperature and maintaining this
tenperatﬁre for one hour before cooling to room temperature in vacuo.

Base pressure in the vacuum system employed was 5 x 10.6 torr.

Gas Chromatographic Procedures: Nitrous oxide decomposition was

also studied using g.l.c. and microcatalytic flow reactor systea
operating at atmospheric pressure. A feature of these studies was the
use of both the continuous-flow and pulsed-reactant procedures and
full details have elsewvhere been given illustrating its use imn both
modes (20). Strontium carbonate samples (200 mg) were decomposed in
situ in the quartz microcatalytic reactor by heating at different

temperatures up to a maximum of 1273K for 1.0 hours in a flow of dry

helfum at a flow rate of 40. mls. per minute. Prior to the admission

e
v
(3 .

of nitrous oxide as pulses, or as a continuous flow, the catalyst
temperature was lowered to the reaction temperature. The reactor was
then isolated while nzo/ne mixtures vere prepared such that the
pressure of Néo took values in the range 50 to 250 torr. The total

flow rate was then restored to 40 mls. per minute.

19
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Luminescene Procedures: Instrumentation used in obtaining the

f.’.ff

LA

excitation/emission spectra has previously been described in detail

[

(9). Excitation was provided by a 250 W Xenon lamp from which approp-

%

} riate wavelengths were sequentially selected using two coupled Spex fé 4
{ monochromators whilst taking excitation spectra. A single Spex mono~

chromator placed between sample and detector was held at a fixed
wavelength and augmented by appropriate cut-off filters in taking
excitation spectra. Spectra were automatically corrected for
variations in excitation intensity with time or changing wave-
length via instrumental comparisons (with an Ortec photon—counting
system) of the pulse rates from two monochromators: one -onitoring'
luminescence intensity and the other the intensity of the source at
the same wavelength. Excitation spectra at acceptable signal/noise
ratio were only obtained upward from 230 nm,due to low source
intensity at shorter wavelengths. Sharp cut—off filters (Corning 3-74
and 0-52) were placed between the sample and the emission monochromator
to minimise scattered wavelengths from the Xenon source reaching the
photomultiplier. A band-pass of 5 nm was used for both the excitation
and emission results.
RESULTS

Decomposition profiles of SrCCs as a function of the outgassing
temperature are summarised in Figure 1. Using total pressure of
gaseous products as the monitor shows that the carbonate started to

decompose at -873K, reached a maximum at 1023K and was almost complete

at 1073K. Mass spectrometric analysis shows that the major decompos-
ition products were co2 and CO, as shown in Figure 1(b),but that some

water vapour wvas also present. The ratio of CO/CO2 changed markedly

20
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as the activation temperature was increased aﬁove 1073K with CO be-
coming the dominant decoaposition product at the high temperatures
. (cf. Fig. 1lc).

Effects of prior outgassing at different temperatures on the
emission/excitation spectrs of Sr0 at room temperature are shown in
Figure 2. The excitation/emission spectra appeared only upon out-
gassing above 1073K. Further increases in outgassing temperature
brought about a progressive increase in the emission peak intensity
and an accompanying increase in excitation peak intensity. Increasing
the outgassing temperature also brought about significant changes in
the peak shape and position. Thus in the excitation spectra, both a
peak at 280 nm and an accompanying shoulder at 315 nm were observed

to grow and experience changes in relative intensity in going from

1023 to 1273K (cf. Figure 2A, plots (1), (i11), (111) and (iv)). Upon
outgassing for 4.0 hours at 1293K the relative intensity in the latter
shoulder was observed to decrease again (cf. Fig. 2A(v)). Parallel
observations upon the emission of the same sample showed that
outgassing at 1023K led to two broad peaks centered at 400 and 455 nm
(cf. FPigure 2B(i)). Outgassing at the higher temperature of 1223 and
1273K resulted in a single peak at 465 nm, as shown in Figure 2B,
plots (i11) and (iv). However, extensive outgassing at 1293K for 4.0
hours led to a shift in the emission maximum back to 450 nm and a
- reduction in its intensity of ca 402 (plot (.v) Fig. 2B).

Figure 3 illustrates the effects of exciting the emission at

different excitation wavelengths for a Sr0O sample firat outgassed at

1023 and then at 1293K. It is clear that for the sample pre-treated in

different fashions the emission peak shape and position remained

RN N N
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independent of the exciting wavelength. This was also found to be the

case for samples outgassed at 1223 and 1273K.

These excitation and emission results agree well with those
obtained by Coluccia et al. (9). In excitation the band having max
at 280 nm, similar to that previously attributed by Colluccia to five-
co-ordinate surface positions appeared first. The other weaker band
with max at 315 mm, similar to that attributed by Coluccia to four—-
coordinate surfaces locations, only developed as outgassing
temperature increased towards 1273K. In emission, the bands shown in
Fig. 2B as the first to develop in our spectra with max at 400 and
450 nm, are very similar to those assigned by Coluccia to emission
from surface locations involving five-fold and four—fold co—-ordination
respectively. The development of emission with max at 465 mm only
after outgassing at the higher temperatures, as illustrated by Fig. 2B iii,
had previously 5een interpreted in terms of the involvement of surface
ions with three-fold co-ordination. Furthermore. our observation that,
regardless of whether excitation of SrO outgassed at the higher
temperatures was made at 280 or 315 nm, emission was dominated by the
band at 450 nm reproduces observations made earlier by Coluccia et al.
and attributed by them to energy transfer from sites of five-fold co-
ordination (excited by photons having 280 nm and emitting at 400 nm)
to sites of four-fold co-ordination (excited by photons having 315 mm

and emitting at 450 nm).

Catalytic Results

Nitrous oxide decomposition at temperatures 673 - 873K over Sr0

samples pretreated in the ways indicated was found to follow first-
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order kinetics, whether studied by the mass spectrometry procedure or
the gas chromatographic procedure. In Figure 4 are shown the first-
order plot; of uzo decomposition at 677, 656 and 683K obtained using
Bass spectrometry. Linear regression analysis gave correlation co-
efficients ranging from 0.992 - 0.997 for the three plots. For the
gas chromatographic continuous-flow studies kinetic data were obtained
under conditions where the reactor was operating in the differential
mode. This was achieved by selecting the reaction temperature catalyst
mass and flow conditions such that the conversions were less than 42,
Plots of the reciprocal space velocity versus conversion within this
range vere found to be linear, as shown in Figure 5A. Consequently
the percentage conversion gives a direct measure of the rate of react-
ion. Applying the method of plotting of ln Rate vs. Log PNZO’ the
reaction could be shown to be first order with respect to NZO pressure
in the pressure range 50 ot 256 torr, as illustrated in Figure 5B.

In this manner first order kinetics in Nzo decomposition were shown

to be obeyed over SrO (exSrCO3) preactivated at various temperatures
in the tewperatures range 773 to 1273 K, independent of whether the
reaction was studied using Mass Spectroscopy or g.l.c.

The effect of outgassing temperature on the reaction rate is
sumnarized in Figures 6Aand(8 where the first-order rate constants
obtained using m.s. and g.c. are respectively plotted versus outgassing

from Fig. 6B
temperature. It is evidentAthat, vhile some steady-state activity
for Nzo decomposition became apparent after outgassing at 800 K, the
rate only began to increase rapidly after outgassing at temperatures
>1073.

The use of the gas chromatographic procedure in its pulsed-
reactant mode allowed investigation to be made of any progressive

changes brought about in sample activity by contacting a preactivated
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oxygen product generated in the pulsed procedure’and (ii) the
possibility for regeneration throughout the interyal between pulses.
Neither of the advantages just enumerated for the pulsed
procedure apply with comparable force to results obtained for Nzo de-
composition over SrO by the continuous flow g.c. procedure (cf. Figs.
5B and 6B). Nevertheless good mass balance with N2/02 ratio = 2,
together with stable steady—state conversions,were observcd?Zantin—
uous—flow condition up to cumulative oxygen yields several orders of
magnitude greater than in the pulsed procedure. These observations
require some alternative to limited oxygen anion migration into the
bulk as the process for regenerating Srzts from sites blocked by
oxygen product. In view of the large dynamic pressure of nitrous

oxide (P = 380 torr) to which the surface was continuously exposed,

NZO

and in line with suggestions in the literature {6,-28), a likely
alternative regenerative process is reaction of blocked sites with
nitrous oxide as follows:

2* & ] SN, + 0, + s:z o Eqn. 5C

uo+[o
When taken in conjunction with eqn. 5b as a necessary preceding step,
this regeneration process can account for the observed Nzlozratio of
2.0 and for the continuation of steady-state catalysed dissociation up
to high turnover. Within this context the strong dependence of steady-
state activity upon the temperature of preactivation (cf. Fig. 6B) may
be understood in terms of the necessity for preactivation at T > 1000 K

2+

for development and/or unblocking of the Sr‘c sites necessary to

initiate this two—step dissociation process. However, the contrast

betwveen expected levelling off in process 5b at relatively low NZO
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digsociation decaying rapidly to zero within the first 10 pulses of
reactant, also implies an irreversible nature of step 3b and the non-
operation,on surfaces preactivated at 1083 K,of secondary processes
capable of regenerating active Srfz locations through removal of oxygen
fragments from process 5b.

The initial activity profile illustrated by the top plot of Fig. 7
for a sample preactivated at 1293 K demonstrates, not only the higher
initial activity maximum expected on the basi; that more Sri: and some
Sr§: sites would be exposed by this more rigorous preactivation, but
also the retention of high activity up to high pulse numbers. This
latter implies that preactivation at 1293 K had opened up pathways to
surface processes via which the blocking effect otherwise resulting
from process 5b was reversed. Our observation that the N2/02 ratio
rose to 3.8 over the sample preactivated at 1293 K effectively rules
out removal of all of the oxygen product fragments of eqn. 5b to the
gas phase as 02. However, the literature provides support for the
likelihood of diffusion of a significant fraction of these fragments
into the interior of the SrO crystallites. This recent calculation by
Jacobs and Vempate ( 24 ) indicate a relatively low activation energy
of 0.59 eV for anion interstetial migration in SrO. Earlier thermo-
pover observations upon extrinisic diffusion in 02/Sr0 systems wvere
consistent with migration of anion interstetials or of cation vacancies
( 25 ) but the much higher value, 1.98 eV, recently calculated for the
latter ( 24 ) would favour the anion interstetial interpretation.
Operational features of the pulsed experiments which also appear
particularly compatible with operation of oxygen ion migration as the

were: (1) the small amount of

mechanisn for regeneration of Sr§+

us
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mode (Fig. 6B), or in the static reactor by mass spectrometry (Fig.
6A). In the g.c. pulsed mode, the firat pulses NZO encounter a surface
bearing coverage, Ocd- determined by the prior ocutgassing temperature.
According to earlier 1gruments, pretreatment at 993 K, as per the
bottom plot of Fig. 7, would leave some 5-co~ordinate sites still
occupied by cdg as well as all of the 4 and 3-co-ordinate sites.

The very low activity then observed, plus its rapid decline to zero
after only a few pulses (Fig. 7), appears fully consistent with re-
presentation of the Sro(993 K) surface as remaining largely blocked

by the adsorbed Cq;: Treatment at 1083 K could be expected to desorb
Cq;‘not only from most 5-co-ordinate but also from some 4-co-ordina£e
sites (cf. eqn. 3), thus leaving them available for interaction with
N20. Significantlf the relevant initial activity profile (middle plot
in Fig. 7) does then show a much larger maximum, as would be consistent
with an important role of 4-co-ordimite sites in NZO dissociation via
equations 5a and 5b.

N20(8)= NZO(ads) Eqn. 5a

N0 (ads) *[‘“ﬁ‘ 6;] N *E’S':S"g:‘ 64(:6)] Eqn. 5b
Since much of the driving force for abstraction of the oxygen from NZO
in 5b would originate from the degree of coordinative unsaturation of
Sriz, and since it has been preposed above that this can be partially
satisfied by residual chemisorbed carbonate , the possibility
cannot be excluded that pro.imate pairs of coordinatively unsaturated
cations (e.g. Sriz'—qi SrZ: exposed across a step or dislocation at

the Sr0 surface) may be required for 5b, rather than an isolated

0

2
[Eriz—(ngocation. The middle plot of Fig. 7, showing activity for Nz
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the basis of a static Madelung potential which ignored relaxation ( 8).
However, to be effective in thie respect,and 8o to help resolve the
difficulty presently encountered in attempts to rationalise transition
energies in terms of surface excitons, it would be necessary that co-
ordination of carbonate onto MZ:B can diminish the drive towards
relaxation whilst not significantly reducing the effective charge onadj-
ent aniong. The extent to which these requirements may be met by
various adsorbate configurations is the subject of ongoing calculations
in these laboratories. Another feature of the luminescence results,
which can well be accounted for in terms of the surface exciton model
with some stabilization of chgru!(3 by chemisorbed carbonate,
is the eventual erosion at 1293 K of the 465 nm emission band attrib-
uted to surface excitons involving ions nominally of three-fold
coordination. Within the context of our hypothesis, the cations of
such sites would in fact carry stabilizing carbonate-type adsorbate
at least up to 1200 K and eqn. 1C should be modified accordingly.
Further heating of the samples to sufficiently high temperature to
drive off carbonate residue could then be expected to allow relax-
ation at sites thereby denuded. The observed erosion of the emission
at 465 nm after long outgassing at 1300 K (cf. Fig. ZBMQand the shift
of the exission maximum back towards higher energy corresponds
qualitatively to what might be expected from such relaxation.

Related interpretations can be developed for the observed depend-
ences of N20 dissociation upon the temperatures of preactivation in
the range 900 - 1300°K (cf. Figs. 6A and 6B). It will be important to

distinguish adequately between the likely surface condition whilst

taking results in the g.c. pulsed mode (Fig. 7), the continuous flow
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view, important implications for the degree of relaxation which may

occur as surface defects develop during thermal preactivation of the
powdered samples. Thus a residue of carbonate or other ) .
(:() ; type adsorbate upon Sr2+cus may serve to "pin'" pairs or larger groupings of
proximate Sri:B and so inhibit them (23) from undergoing relaxation of the
types predicted for 'clean' defect surfaces in theoretical calculations
(22 ). Arguments will be developed below to the effect that preserv-
ation of s:::s at approximately their unrelaxed positions as a
consequence of such pinning may materially assist in explaining present
results and in diminishing difficulties which otherwise arige. It is
important to preface these arguments by two general points: firstli,
the validity of acknowledging the existence ©f adsorbates on these
high surface area samples during their development by thermal pretreat-
ments at base pressures 10-6 torr and secondly that, although
present arguments can conveniently be developed in terms of
carbonate-type adsorbate, pinning of coordinatively unsaturated surface
cations through interaction with other surface adsorbates or impurity
species may likewise be important.
In respect of luminescence results, possibilities for reconciling
observed transition energies with various theoretical considerations
arise from our hypothesis that residual carbonate-type adsorbate can
stabilize surface cations in approximately their unrelaxed config-
urations. This may help remove the apparent anomaly between, on the -
one hand, theoretical calculations which predict extemnsive relaxation
for coordinatively unsaturated locations on 'clean' surfaces ( 22 ),
and on the other, the semi-quantitative agreement between observed and

calculated energies for surface excitons achieved by Stone et al. on
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outgassed at varying temperatures in a vacuum cell permitting in situ spectra
(cf. figh9). . These showed the dis-appearance of detectable (bulk)

carbonate IR absorption at ca. 1023K(ZD.The contrast between copious .
release at T<1073 and the much smaller evolution of co, persisting

across the temperature range 1073 to 1273 K, may most readily be under-

stood in terms of the onset across that temperature range of the more
difficult release of@X&i}rom surface sites of four or three-fold co-
ordination. It has been argued elsewhere that such sites will be of

much smaller abundance than five co-ordinate sites (§ ). It should

also be recalled here that Fig. 1B demonstrated across the same

temperature range a sharp increase in the CO/CO2 ratio in the evolvéd

gases. This suggests that, in parallel with desorption, an additional
tendency existed for the more highly co-ordinatively unsaturated surface

locations to break up (Cox)s species (ions)yn the following general way :

(002) (CO)g
+
A
(x 2) (Cox)s ’ Qx= ceeen Eqn. 4
“’ ‘ Sr2+ —_ 02— Sr“'—loz—
nc nc me nc me

This particular schematic representation was selected for convenience in
making clear how such transformation would account for our observations of
an admixture of CO and CO2 in the gas phase. However, it also serves to
illustrate the surface configurations needed to accommodate possibilities

that residual carbonate, or other(bogl?pecies,may +(i) exist bridged across a .

few co-ordinatively unsaturated surface cations and, (ii) give rise
directly to carbon monoxide i.e. without the need or the appearance of

completely unblocked Sr in significant numbers during the thermal

(n+1)cus

preactivation of the sample. These latter possibilities carry, in our
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ation has, vhere applicable, already been noted in the results
section. Questions of particular relevance in this discussion are:
- firetly, whether remaining aspects of the results may likewise be
understood within some elaboration of these existing hypotheses ;and
secondly, wvhether and to what extent the foregoing results might be
understood in the context of alternative hypotheses on the nature of
active surface. |
Implicit within the existing hypotheses is the idea that the
strength of bonding of adsorbates, such as 002, Nzo or 02, would be
lowest upon locations involving s:§: and/or Ozc, intermediate upon
those involving 4-co-ordinate surface ions and highest upon those

involving 3-co~ordinate surface. Within this context it would be reasonable

to consider that surface carbon-oxygen compéund;; (Cox)s’ wnich represent

the precursors of the CO, and CO eventually released to the gas phase, can
likewise exist at various surface locations which feature lattice cations and/or
anions having varying degrees of coordination. The stronger bonding of (cox)c

expected for 3-coordinate surface

sites, would favour retention of (CO‘)sto highest temperature on those
sites, and to intermediate temperatures upon &4-co-ordinate surface
sites. More facile release of(?QbSVould be expected from 5-co—~ordinate
surface sites, vhich indeed seem likely to be involved in the normal,
final step for release to the gas phase of CO2 produced during thermal
. decomposi- ion of Sr--co3 to Sr0. Evidence for the partial coapletion
of this relatively facile process at 1073K in the present study comes
not only from the rapid drop in PCO detected mass spectrometrically

2
at that temperature (cf. Fig. 1), but also by a series of transmission

IR spectra taken on a self-supporting disc prepared from Sr603 and

ey
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INTRODUCED AT P,

= U0 TORR IN THE PULSED MICROCATALYTIC G.C,

PROCEDURE, PLOT (1), DATA POINTS @ = ACTIVATION AT 933 K;
PLOT (11), DATA POINTS @ = ACTIVATION AT 1083 K; PLoT (111) DaTA

POINTS & = ACTIVATION AT 1273 K,
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respectively.

Oxygen isotope exchange was studied using Mass Spectrometry.
Over .uitoﬁly preactivated Sr0 samples the reaction occurced readily .
at room temperature, as shown in Figure § where the mole fractions of
1602, 160180 and 18o2 vix x32, 13‘ and x36 respectively are plotted
as a function of time. During the course of the reaction the atom
fraction of 160 and 18o remained constant in the gas phase, thus

indicating that an Rb-type isotopic exchange process was occurring,

i.e.

16 18 16 .18
%)t %) 9 %%y Ean 2

but not an R1 or Rz-type process. However, the exchange data did not

exactly obey reversible second-order kinetics, as was found previously
for oxygen isotope over ZnO (21). The effect of activation temper-
ature on the exchange activity is shown in Figure 6A plot(ii) where the
reciprocal of the time taken to reach half the equilibrium composition
(taken as a measure of the reaction rate) is plotted as a function of
outgassing temperature. Comparing this plot with Figure 6A plot (i )
shows that higher outgassing temperatures (1273 K) were needed to confer
high activity for room temperature oxygen isotopic exchange process

than for Nzo decomposition (1023K). It is also evident that a much

sharper cut-off point exists between outgassing temperatures producing

active o non-active surfaces for the exchange reaction.

DISCUSSION
A degree of consistency between certain aspects of foregoing
results and existing hypotheses as to the central importance of

cations and/or anions at surface sites of high co~ordinative unsatur-
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Sr0 sample with a succession of individual pulses of nitrous oxide.

In this way profiles of initial activity could be developed. Figure 7
shows how the initial activity varied with increasing pulse number
(each pulse -4 x 1().7 mole of Nzo) for SrO activated at 3 different
temperatures. Comparison of the three Initial Activity protiles, all
measured at indentical reactor temperatures, demonstrate two important
points: firstly, the activity maximum attained in profile was lowest
after preactivation in vacuo at 993K and was increased by increased
preactivation temperature; and secondly that, although the drop-off in
activity after the maximum was quite abrupt for sample preactivated at
993K or 1083K(lo that activity declined rapidly towards zero after a
small number of pulses) no such abrupt drop-off in activity was found
for the sample preactivated at 1273K. Rather the activity for Nzo de-
composition continued at a high level up to large pulse numbers when
the sample had been preactivated at this high temperature. The first
of these points agree well with the existing hypotheses that the level
of surface activity depends upon the extent to which more highly co~
ordinatively unsaturated surface ions are exposed/developed at
progressively higher preactivation temperatures. An adequate
explanation of the second point requires some extension/modification
of existing hypothesis which is attempted in the Discussion. Such
extension/modifications are also relevant to observations made upon
the ratio of “2 to 02 products from nzo pulses at the temperatures
depicted in Fig. 7. These showed that whilst at any of the selected
temperatures the 102/02 product ratio did not vary with pulse number,
the ratio took values of 2.0, 3.0 and 3.8 during sequences of pulses

introduced are ssmples previously outgassed at 993, 1083 ‘and 1273K
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FIGWRE A-6D

EFFECT OF PREACTIVATION TEMPERATURE (BOTTOM AXIS) UPON -
STEADY STATE ACTIVITY OF SRO FOR N0 DECOMPOSITION AT
758 K AS OBSERVED BY CONTINUOUS-FLOW G.C. PROCEDURE WITH
INPUT Py n = 380 TORR,
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, EFFECT OF PREACTIVATION TEMPERATURE UPON KINETIC PARAVETERS FOR N0 DECOMPOSITION
o AT 758 K (PLOT I, DATA POINTS @) AND FOR OXYGEN ISOTOPE EXCHANGE. . AT 290 K OVER

50 maM oF SRO (PLOT 11 ,DATA POINTS @), THE KINETIC PARAMETER USED AS A MEASURE

OF CATALYTIC ACTIVITY OF THE PREACTIVATED SAMPLE FOR DECOMPOSITION OF PN20 = 2.5 TORR
WAS THE SLOPE OF PLOTS SIMILAR TO FiG, 4. FOR OXYGEN I1SOTOPE EXCHANGE THE KINETIC
PARAVETER UTILISED AS A MEASURE OF ACTIVITY WAS T, FOR ISOTOPIC EQUILIBRATION OF AN
INITIAL PRESSURE OF 0,1 TORR OF (1602 + 1802) (cr, Fle, 8,
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pressures through saturation of a small surface concentration of

Srf:, and our observation of accurate first order dependence upon PN 0

2
up to high pressures (cf. Fig. 5b), makes it probable that 5c rather

. than 5b was the r.d.p. in the continuous-flow conditions.
: Typical net exposures of a preactivated Sr0 to nitrous oxide in

3 torr sec) were intermediate

5 the mass spectrometric procdedure (~6 x 10
beteeen those in the pulsed g.c. procedure (40 torr sec per pulse) and
in the continuous-flow g.c. procedure (1 - 5 x 106 torr sec). Consis-
tency with foregoing discussion would thus point to the possibility
for contributions not only by anionic diffusion into the bulk but also

2 The latter is
by process 5. to the effective regeneration of St'l.c sitesqemplied by

our mass spectrometric observation (cf. Fig. 4) of pseudo first order

kinetics in the decomposition of P ~ 2.5 torr in a static reactor.

N20

However our hopes that these mass spectrometric results would provide

further insight into the relative importance of various regenerative

[ i et S SR R

steps were not realised, partly because of instrumental difficulties
which made the ratio between N2 and 02 product subject to some un—

certainty. Furthermore, Winter had demonstrated ( 2q) that adherence
to the pseudo first-order kinetics in the decomposition of Nzo to ca.

S0Z reaction over metal oxides was not a sufficient criterion for

3 determining 1f removal of oxygen to the gas phase had an important

E rate determining role.

. ) Evidence for an important role of coordinatively unsaturated

: metal ions has been given in published work from these laboratories (29-3k)

upon Ro-type oxygen isotope exchange (cf. eqn. 2 ) at room temperature
over preactivated surfaces of ZnO, '1‘102 or MgO. Recognition was also

given to a need for the availability of & very weakly held electron in
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the proximity of Mcus in order for the active site to be able to trigger Ro-
type oxygen isotope exchange by an electron transfer-catalysed chain process
requiring negligible energy of activation. Both of these requirements seem
1ikely to be satisfied by the (Oi;... F;) surface locations proposed by

Duley (5a) as being responsible for surface luminescence from high surface area
Mg0 and Ca0, since: (a) the sr?* cations involved in the F; point defect
necessarily have at least two degrees of co-ordination unsaturation, and

(b) relatively low energies can be expacted for transfer of an electron from

a ground state Oz; to an adjacent F:. Thus, according to Duley's interpretation
such transfer is responsible for a broad absorption centered upon 2 eV and detect-
able in Mg0 previously exposed to high energy radiations in vacuo. Still Tower
energy could be expected for thermal, rather than optical, promotion of an
electron from 0 to an adjacent F for Mg0. Further reduct1ons in energy could
be ant1c1pated for Sr0 relative to MgO, and for (02 ces FS ) locations relative
to (0 . Ft ) Thus it is reasonable to env1sage o.i.e. upon Sr0 proceeding,
in ana]agous fash1on to that previously detected for Zn0 surfaces, via
activation of oxygen under the combined influence of a readily available electron
and coordinatively unsaturated cation(s). Viewed in this context the
experimentally observed dependence of the extent of room-temperature o.i.e.
activity of the Sr0 (ex SrC0;) surfaces upon temperature of prior activation
(cf. plot ii of Fig. 9), should reflect the increase in number of

(Oi; . F2+) surface locations with preactivation temperature (n = 1 or 2).

Our observation that appreci.cie room temperature oxyaen isotope exchange
activity only appeared after preactivation at 31023 K (cf. plot (ii) of Fig. 6A)
correlates particularly well with the Fig. 6B showing a similar dependence upon
preactivation temperature in the emergence of catalytic activity for sustained
steady state decomposition of N20. As commonly envisaged, the mechanisms
of each catalysed process involves reversible electron transfer/sharing between
metal oxide surface and adsorbate-related surface species. The good correlation
observed between their requisite preactivation temperatures probably reflects
their common requirement for reversible electron transfer with the Sr0 surface.
The emergence of some limited surface-assisted N,0 decomposition after somewhat
less rigorous surface preactivation (e.g. at 973 K in plot (i) of Fig. 6A, or
993 K in plot (i) of Fig. 7) may, on the other hand, reflect a small extent
of irreversible electron transfer to Nj;0.
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SPECTROSCOPIC AND KINETIC STUDIES OF SURFACE PROCESSES ON ALKALINE EARTH OXIDES.

EFFECTS OF Ba>* DOPANT UPON MgO
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ABSTRACT

Computations of the structural consequences of segregation of Baz* at
monolayer and submonolayer coverages on (001) surfaces of MgO indicate extensive
reconstruction., The predicted reconstruction for Ba2+/Mg0 contrasts sharply
with insignificant reconstruction reported for pure MgO surfaces. Results are
described for experimental comparisons of the surface luminescence and surface
reactivity of high surface area samples of Ba2+/MgO with MgO and BaO., Extent
of agreement is assessed between the observed BaZ+-re1ated effects and these
working hypotheses: (i) that the Ba2+ induces surface reconstruction of the
type calculated, to yield surface anions and cations in positions of altered,

but non-integral, co-ordination; (ii) that photoexcitation of electrons at

2+

such 2- sites are responsible for enhanced luminescence; and (iii) that Ba
us P cus

sites are involved in enhanced reactivity towards N20 at 300 K.




INTRODUCTION

Luminescence and reactivity of surfaces of alkaline earth oxides are the
particular facets of Tony Tench's distinguished and many-facetted contributions
to the study of metal oxides which will primarily concern us in this paper.
Thanks largely to the spectroscopic equipment and sample pretreatment procedures
developed in Tony's laboratory (ref. 1-3), it became possible to attain and
characterise reproducible spectroscopic parsmeters (cf, table 1) for the
luminescence detectable from high surface area samples of alkaline earth oxides.
The development of a conviction that extrinsic surface states were strongly
implicated in this and other properties of high surface area ionic (h.s.a.i.)
oxides soon became evident (ref. 4,5). Indeed, a confluence of such proposals
by Tench and co-workers concerning surface luminescence with those from Stone
and co-workers (ref. 6-9) concerning diffuse reflectance from h.s.a.i. oxides
contributed to interpretation of these spectroscopic features in terms of
surface-exciton (s.e.) models. As the name implies, such s.e, models recognise
important differences between excitons at the surface (a correlated hole-
electron pair produced at the surface by the absorption of an appropriate
photon in the visible or near-uv) and those within the bulk., Equation 1
summarises one formalism adopted in the literature to allow distinction to be
made between excitons on the basis of differences between the extent of co-
ordination (or conversely the extent of co-ordinative unsaturation) of the ion
sites involved. Subscripts nc in this

2- 2+, hv(abs - +

., M) ©

*
nc nc V' (Tum nc ’ Mnc) Eq. 1

equation denotes the degree of co-ordinative saturation of the lattice oxygen

anion from which (in the one-excited electron approximation) an electron is
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excited upon absorption of a photon, or to which it returns in radiative decay
of an exciton. Within the bulk, n = 6 at regular lattice sites, whereas n is
reduced to 5 with concomitant decrease in Madelung potential for ions at
planar non-defective regions of (100) surfaces of MgO or other alkaline earth
oxides. Further reductions of n to 4 at surface defect locations (such as an
edge or step upon the (100) surface), or to 3 at a defect site of high co-
ordinative unsaturation (such as a corner or kink site), have also been
envisaged. Satisfactory agreement has been reported by Stone (ref. 9) between
transition energies calculated for hv(abs) of Eq. 1, on the basis of static
Madelung potentials appropriate ton = 5, 4 § 3, and features (usually three
in number) partially resolved in the diffuse reflectance spectra of MgO, CaO0,
Sr0 and Ba0. It is worth noting the relatively large magnitude of the red-
shifts, e.g. up to 3.5 eV in the case of MgO, which these calculations seek

to account for in terms of differences in static Madelung potential envisaged
for Oni' having n = 6, 5, 4 or 3, Results of some recent experiments and
computations have called into question the wisdom/validity of seeking thus to
account for such large red-shifts mainly in terms of diminished static Madelung
potential at surface defect locations whereon n takes the integral values of
3, 4 or 5. Computations have been made with models which simulate defective
non-planar surface regions whereon some surface ions are initially positioned
at corner/kink sites for which n would nominally be 3, and some at edge/step
sites for which n = 4 (ref, 10 ). Such computations indicate that, in marked
contrast to ions having n = 5 at flat non-defect terraces (ref. 10 ), ions at
surface defect positions may experience large relaxation, e.g. up to 0.45 ;
inward for Oi; in its ground electronic state. The accuracy of earlier
calculations which ignored such relaxation - as was implicit in their use of
static Madelung potential and their restriction of n to the integers 3, 4 or

5 - may be questioned on this basis. Another incompletely resolved question
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is the possibility that surface impurities/adsorbates located in the immediate
proximity of surface Oi; may influence the transition energy and/or probability
for the optical transitions in eqn. 1, e.g., very recent reinvestigation of

the luminescence from h.s.a,i. MgO points to the involvement of surface hydroxyls

(ref. 11) in photoexcitation at 270 nm. .

EXPERIMENTAL
Approach

The unresolved questions detailed in the introduction have here been
addressed by a combination of: (a) computations aimed at predicting the effect
of a surface impurity viz, Baz*, upon the structure of (001) faces of MgO and
(b) experimental determination of the influence of Baz+ surface dopant upon
surface luminescence and surface reactivity of h.s.a.i., MgO. Details of the

computational approach are given elsewhere in detail (ref. 12).

Materials
Steps for incorporation of Ba2+ dopant onto MgO consisted of adding 5 g

of Mg(OH)2 to aqueous Ba(NO containing the desired number of moles of Baz*,

302
heating first to dryness and then at 600 K to convert Mg(OH)Z to Mg0 and

finally at 780 K to decompose Ba(N03)2 to Ba0. Evolution of gases at these

various stages was monitored by mass spectrometry (Vacuum Generators Micromass

6), and also during subsequent activation of the material in vacuo while the .
temperature was increased stepwise from 780 to 1273 K. Two considerations made

it highly unlikely that Ba2+ would migrate significantly into the lattice of '
the supporting oxide during such preparations: Firstly, the results of recent
computations (ref, 12) showing that Baz’ should have a strong tendency to

segregate to the surface of MgO, Ca0 or Sr0; and secondly, large energies, ca.

S eV, for diffusion of cations via cation vacancy or interstitial mechanisms
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TABLE 1

PARAMETERS OF OBSERVED SURFACE LUMINESCENCE FROM BaZ+-D0PED MgO and RELEVANT

PROPERTIES OF MgO and BaO

Nominal surface Luminescence Parameters Surface I(Baz*-/MgO) @ 460 nm
loading by Ba2+ Excitation Emission Area 1(MgO0) € 394 nm
A A /m? g1
/monolayer equiv. max max **
3.2 m.e. Ba2'/Mgo 280(vs)* + 460(vs) 58
340(vs) -+ 460(vs) ~ 10
1.6 m.e. Ba>*/Mgo 280(s)  + 456(s)
335(s) + 456(s) . 15
0.6 m.e. Ba’'/Mgo 280(s) -+ 452(vs)
330(s) + 452(vs) - 20
0.3 m.e. BaZ*/Mgo 278(s)  + 416(m)
330(w) -+ 450(w) .5
0.06 m.e. Ba2*/Mgo 270(s)  + 394(s) -
undoped MgO 270(s) + 394(s) 92 1.0
undoped BaO 280(vw) + 460(vw) 4.9 . 1072

* Notations (vs), (m), (vw), etc., denote whether the luminescence feature
was very strong, moderate or very weak, etc,

** Heading of the last column refers to the intensity ratio of emission at
indicated wavelengths.

(ref. 13). The loadings of the host oxides with Ba2+ achieved by these
procedures are, therefore, better expressed as monolayer equivalents (m.e.)
than as mole percent relative to the weight of the support. The surface areas

used in estimating the coverage as m.e. are listed in Table 1 and were

determined at the CSIC Institute of Catalysis Madrid (courtesy of Dr. J.G, Fierro),




hese estimated values of m.e. should be regarded as upper limits since some

wvidence for small microcrystallites of BaO (i.e. existing as other than
ionolayer dispersions) was found by transmission electron microscopy (courtesy
»f Madame Leclerq, CNRS, Institute of Catalysis, Lyon) for a sample of Ba2+/

(g0 with nominal loading of 3.2 m.e.

jpectroscopic Measurements

Preconditioning of the powdered samples in vacuo for 4 hours at 1273 K,
thilst protected by liquid - Nz-cooled traps, was carried out in quartz sample
lolders prior to observations of their luminescence or diffuse reflectance
jpectra under front-surface illumination. Each holder had a rectangular section
vith parallel flat faces 2-3 mm apart into which the powders usually were
shaken after preactivation and seal-off at the background pressure, gg,lo' ,
torr of the conventional vacuum system. When effects upon luminescence by the
addition and/or removal of gases were to be determined, the sample of oxide
vas preactivated in situ within the rectangular section whilst remaining
attached to a vacuum system at the spectrometer., The instrumentation used in
sbtaining the excitation/emission spectra has previously been described in
letail (3). Excitation was provided by a 250 W Xenon lamp from which appropriate
vavelengths were sequentially selected using two coupled Spex 14 monochromators
vhilst taking excitation spectra. A single Spex monochromator placed between
sample and detector was held at a fixed wavelength and augmented by appropriate
tut-off filters in taking excitation spectra. Spectra were automatically
:orrected for variations in excitation intensity with time or changing wave-
length via instrumental comparisons (with an Ortec photon-counting system) of
the pulse rates from two monochromators, one monitoring luminescence intensity

ind the other the intensity of the source at the same wavelength., Excitation

jpectra at acceptable signal.noise ratio were only obtained upward from 230 nm,
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due to low source intensity at shorter wavelengths. Sharp cut-off filters
(Corning 3-74 and 0-52) were placed between the sample and the emission mono-
chromator to minimise scattered wavelengths from the xenon source reaching
the photomultiplier. A band-pass of 5 nm was used for both the excitation

and emission results.

Measurement of Surface Reactivity

Largely on the basis of published evidence (ref., 14,15) that co-ordinatively
unsaturated cations act as active sites for each process on other oxides, the
gaseous conversions used to assess reactivity of the surface at 300 K after

vacuum preactivation at selected temperatures were as follows:

ne” -
N,0(g) ==N,0(ads) ——= N,(g) + 0™ (ads) 2a
and
1602 N 1802 = 16,18, 2

Progress of each conversion was monitored by mass spectrometric analysis of gas

samples taken at intervals from a static reactor following admittance of pure

nitrous oxide or (50% 16‘02 + 50% *%0,) at 300 K.

RESULTS AND INTERPRETATION

Computations

Figure 1 summarises results of computations indicating large reconstruction
('rumpling') effects of (100) surfaces of MgO whenever high concentration of
Baz’ are heavily segregated to the surface (i.e. approaching monolayer
coverage by Ba2+). In relation to Ba2+/Mg0 the following predictions should
particularly be noted from this figure: (i) that all surface anions, 02',

experience an outward displacement by 0.79 lattice units; (ii) that the
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surface entity experiencing the greatest outward displacement - and hence the

greatest degree of co-ordinative unsaturation - is that sub-set of surface

cations, Bazss, displaced by 1.21 lattice units; (iii) that the remaining 50%
c

of surface Ba§+ experience a relatively small displacement by 0.38,

[oo1]

Fig.Bl. Results of computations showing the reconstruction ('rumpling') of

. 2+ .
MgO surfaces having Ba” heavily segregated (to monolayer equivalent) to the

surface. Numbers indicate (in lattice units) the outward displacement of two
2+ 2« ;
Ba”  and two 0” representing a unit cell of the reconstructed surface.
58
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APPENDIX C

Results of AES and Work Function Measurements made by John Nunan, ’
J. Cunningham and John Tobin (deceased) upon Ba®/sr0/Ni and

8a®/Ba0/Ni systems at Materials Laboratory. Wright Patterson Air force

Base - 14 March - 16 April, 1983 with the kind cooperation of the

Research Group of T.W. Haas. AFWAL.

The results on Ba®/sro/Ni system. together with improved results for the
8a°/Ba0/Ni system obtained by the research group of T.W. Haas. have been

submitted as a paper to the Fourth Cathode Workshop.
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activity appeared for e m.e. Ba2+/Mg0 following preactivation at only 900 K,

Time to 50% equilibration of a 0.1 torr aliquot of (1602 . 18

02) decreased to
ca. 25 sec after preactivation at 993, 1053 or 1153 K but then increased again.
Such dependence upon preactivation temperature for BaZ+/Mg0 contrasted with

that noted for BaO and MgO but did resemble that found for N20 dissociation

over BaZ+/Mg0. That resemblance would, in the context of our working hypothesis
for surface reconstruction, be explicable if the development of similar ne /
Bai;s surface locations by moderate preactivation were required to make possible

both eqn. 2a and 2b and if such locations were diminished in number or subject

to some deactivation upon outgassing at 1273 K.
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Evidence pointing to the importance of significant surface concentration
of Baz+ as a surface dopant, if activity for N20 dissociation at 300 K was to
be observable, came from comparisons of the activity of various samples .
subjected to identical preparation and preactivation in vacuo at 1273 K. These
showed that, in marked contrast to Ba2+/MgO samples, neither undoped MgO nor
Ba0 yielded detectable decomposition of Nzo at 300 K. Figure 5B illustrates
some results of a comparison between the relative activities of Ba2+/Mg0
samples having different nominal loadings of Ba2+. Maximum extent of
decomposition was observed for the material with nominal loading of 1.5 m,e.
which is close to where it could be expected on the basis of our working
hypothesis, viz. at 1 m.e. when ca. 0.5 m.e, of Baz;s displaced outward by
1.21 lattice units (cf. Fig. 1), and resulting high possibility for localization
of excess electrons in the proximity of some Bai;s sites, could be anticipated.

It was noted above that quenching of luminescence from Ba2+/Mg0 by oxygen
was fully reversible and indicative of only weak interaction at the 02/Ba2+/Mg0
interface. An electrone.transfer initiated mechanism by which the Ro-type
oxygen isotope exchange process of eqn. 2b can proceed at oxide surfaces via
only weak interactions has been discussed elsewhere by one of the authors
(ref., 15). That mechanism requires the availability of Mz;s surface locations
and it was of interest to determine experimentally whether, and after what
preactivation temperature, eqn. 2b would be enhanced at 02/Ba2+/MgO interfaces
at 300 K. An enhancing effect of Baz+ surface dopant was indeed found in
respect of the relative room temperature activities of similarly preactivated

samples of 832+/Mg0, MgO and BaO for the Ro-type oxygen isotope exchange process

represented by eqn. 2b. Thus BaO surfaces developed significant activity only
after outgassing for 6 h at 1293 K. Outgassing for at least 1 h at 1273 K was

required to develop activity of the MgO material. However, appreciable
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Figure BS. Buildeup of N2 product from N20 dissociation at 300 K over Baz+/Mg0
samples in static reactor:
SA Relative rates of build-up over same 3.2 m.e. BaZ+/MgO sample
after preactivation at indicated temperatures.
5B Relative rates of build-up over different samples having
indicated nominal surface loadings of Baz*. All samples similarly
preactivated at 1273 K,
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quenching by Nzo at 300 K to deactivation of some surface locations via
irreversible Nzo dissociation thereon, as per the last step of eqn. 2a. It is
important to recall from previous work that the availability of one or more
excess electrons in the immediate vicinity has been recognised as a necessary, j
enabling feature of such decomposition sites (ref. 14). 1In respect of the
observed reversible component of quenching by NZO’ present data do not suffice
to determine whether this was mediated by N20(ada), or N20(g), or by both. Nor

do they suffice to examine possible inter-relationships of P with extent of

NZO

decomposition and relative amounts of reversible and irreversible quenching.

A

———g . 16 m.e.




+ - —— + -

Alg) + (Mcus ’ Ocus)* v [A'°"*""(Mcus ’ Ocus)] Egn. 3a
----*---- + = 2+ 2-

[A MeusOcus)! > Alg) v (Mo 5 O ) Eqn. 3b

Quenching via such a charge-transfer-type exciplex avoids the need for
significant complex formation in the ground state (recall difficulties reported
in the literature in forming significant surface concentration of 0; on alkaline
earth oxides ref, 16). Relative rate-coefficients for such electron-donor-
acceptor type quenching by electron acceptors having differing electron
affinities (e.a.) commonly decrease with decreasing e.a., However, our
experimental observations showed the opposite to be the case, viz. that for any

pressure in the range 1072 to 107!

torr, N20 (e.a. . 0.1 eV) produced stronger
quenching than 02 (e.a. . 0.5 eV) at the same pressure (cf. Fig. 4B). This
anomaly suggested that eqn. 3a and 3b on their own were not an adequate
description of processes at the NZO/BaZ*/MgO interface at 300 K. Subsequent

paragraphs provide evidence of other interactions.

Surface Reactivity Studies at 300 K

Figure 5 demonstrates that samples of Ba2+/Mg0 preactivated in vacuo at
temperatures 1093-1293 K, i.e. in similar manner and across similar temperature
range to that required for development of luminescence, retained an ability,
after cooling to 300 K, to decompose carefully pre-purified NZO, but to a
rather limited extent, Maximum extent of this limited decomposition, is seen
in Fig. 5A to have arisen after preactivation at 1183 rather than at 1093 or
1273 K, and corresponded to development of a partial pressure ca., 2 x 10'4 torr
of N2 in the static reactor. Since no 02 product was detected in the gas phase
and more N20 was lost from the gas phase than the amount of N, detected, the

observations were fully consistent with eqn. 2a. On that basis it seems

reasonable to attribute the observed irreversible component in luminescence
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FigureB4. Effects of reducing gases (Part A) and oxidising gases (Part B)
upon Baz*-related luminescence features of 3 m.e. Baz*/MgO:
4A photoexcitation spectra after: (I) enhanced outgassing;
(II) contact with 10'2 torr H2; (I1I) contact with 1 torr Hz;
(IV) upon evac. of Hz; (V) after 3 h outgassing to 10'7 torr.
4B Extent of quenching of emission of 460 nm in the presence of

indicated pressures of N20 or 0, at 300 K.
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diminished a photoexcitation feature attributed to intrinsic excitations of
OH™ ion in the Mg(OH)2 structure (ref. 11). Some final breakdown of surface
Mg(OH)2 may have likewise contributed to the diminution of the photoexcitation
feature at 277 nm in our prolonged outgassing of Ba2+/Mg0 at 1273 K. However,
our observations that the introduction of H2 at 300 K restored intensity to
the photoexcitation feature at 277 nm and that this enhancement could be
reversed by 2.5 h outgassing at 30C K (cf. Fig. 4) suggest an interesting

alternative explanation, viz. that some H, released during breakdown of Mg(OH)2

2
remained as residual gas within the sample cell when sealed off in the routine
outgassing procedure, whereas such residual gas was removed during the more
rigorous outgassing procedure. A reversible enhancement of the 277 nm photo-
excitation feature of Baz*/MgO was also observed with introduction/removal of

CH Reversibility at 300 K implies a weak interaction between the luminescence

4
sites and H2 or CH4, rather than a strong interaction such as dissociative
chemisorption. Indeed our observation on the influence of H2 and CH4 on
luminescence do not require any interaction with the ground state of the surface
locations involved -~ only with their excited state.

Almost complete quenching of the BaZ+-re1ated luminescence features of
Baz*/MgO resulted when either of the oxidising gases 02 or N20 was present (cf.
Fig 4B) at pressures ca. 1 torr, Evacuation of the gas at 300 K reversed this
quenching almost totally for 02/Ba2+/Mg0, but only partially (ca. 60%) in the
case of NZO/BaZ+/Mg0. Following other workers, who observed a reversible

quenching by O, at undoped MgO and Ca0 and attributed it to formation of a

2 .
weak complex with the electronically excited surface locations (refs. 2,6),
quenching may be understood as the result of competition between radiative

decay of surface excitons (cf. eqn. 1) and their diversion, as follows, into

non-r idiative decay via exciplex formation with 02 and N20 as oxidising gases
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Figure 3 thus lends support to the use of emission at 455 %
10 nm and of excitation at 340 t 10 nm - both features being of very low
intensity - as spectroscopic indicators of electronic transitions occurring at
environments similar to those provided by the surface of BaO. In the literature,

. the relatively low surface areas measured for Ba0, and the assumed lower

density of surface defects, have been given as reasons for the notably low
intensity of such features (ref, 8). While present results are not in conflict
with such interpretation, the great enhancements in intensity which we observe
(at similar transition energies) from Baz’/MgO point towards operation of
another factor additional to surface area-increase and factor-of-10 proportionate

increase in defect-related O As envisaged in our working hypothesis,

2-
nc’
reconstruction of the BaZ+/Mg0 surfaces can be such an additional factor. This
would not be inconsistent with the observed similarities in A(max) for

. 2+
excitation and emission from BaO and BaZ+/Mgo, since on both surfaces Ba

would be the nearest cation neighbours to the OZus sites involved in transitions

(cf. Fig. 1.

Effects of Gases upon Luminescence at 300 K

Convincing evidence that the sites involved in luminescence from heavily
doped Baz’/MgO (Baz* loading nominally 3.2 m.e.) were located predominantly
at the surface came from observations upon the sensitivity of luminescence to
(i) the gases Hz, CH4, O2 and Nzo, and (ii) the rigour with which residual
gases were removed in the preparation and outgassing procedure. Thus the

’ intensity of the Baz’-related excitation feature at 340 nm was five-fold greater

than that at 277 nm for rigorously outgasses samples, unlike the rather similar
integrated intensities of these two excitation features in samples given the
routine outgassing pretreatment (cf. plot(i) of Fig. 4 with Fig., 2A). Daley

very recently reported that prolonged outgassing of Mg(OH)2 powder at 1200 K

63
AL NON A AR s .

O AN . e PRI Ch et ey
BT R S Sy 3 O L A ARG P PO R A T T P R SR
N e Y N NN e N e e N e e N D T N N N e ]

----------

MR M AR -0 i - G it ap- 0 ares i s o n |




R T 2 04 ES e TSRl e e hauy e ROl e Y “Jie 20t~ St il Sl My

PR A R Sl S bl i N e el e S Y™ e Foa b s R 4 A r et Tt A At s o it ias & oo 2

weak emission centred around 550 nm in Fig, 3B was traced to the silica walls
of the s° ple holder, Figure 3A shows excitation spectra obtained at rather

poor signal-to-noise ratio by monitoring emission at 450 ¢ 10 nm from the Ba0
sampies, Two excitation bands may be discerned having A(max) at 275 t 10 and
340 £ 10 nu. The latter coincides, within the appreciable experimental error,
to A

(max)
(cf. Fig. 2A).

for the excitation feature which was very strong for Baz‘/MgO samples

MeTENSITY

uNITs)

()
(1)

(1)

l:\";‘:'.‘ A__i. A L. .

250 300 350 400 430 3500 S50 600 650
A (nm)

Figure B3. Excitation (Part A) and Emission (Part B) spectra at 293 K of
unsupported Ba0 prepared from BaCO3 and Ba(NOs)z; A(i) and (ii)
respectively are excitation spectra of BaO prepared from BaCO3
and Ba(N03)2 monitored at emission wavelength = 460 nm); B(i)
and (ii) are emission spectra of BaO, ex. BaCO3 end Ba(N03)2
respectively, excited at 335 nm.
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: dopant level exhibited by the intensity at 460 nm, I(460), and by A(max) for
“ the emission are summarised in Table 1, These demonstrate firstly that for
% Ba2+ loadings > 0.6 m.e., x(max) for emission remained at 456 + S nm whether
‘2. excited at 280 or 335 * 5 nm and that I (460) did not increase significantly

with loading but rather declined slowly in this high-loading range. Secondly,
the data for loadings < 0.6 m.e. show a precipitous drop in I (460) with

diminishing loading and a parallel displacement of A ) away from 460 nm

(max
(max) = 416 nm at 0.3 m,e. and A(max)

0.06 m.e. These results make it clear that only for loadings << monolayer did

and back towards the A = 394 nm at

the emission of the support 'show through' clearly, whilst at moderate and
high loadings the Ba2+-re1ated emission strongly predominated. In terms of the
working hypothesis developed in an earlier paragraph this may be understood on
A the basis that, relative to a low surface density of defect-related Oﬁz
locations upon non-reconstructed MgO surfaces, the Baz*-induced rumpling of

the Baz*/MgO surfaces caused a massive enhancement in the surface density of

o™
3 02; displaced into positions of diminished co-ordination (c¢f. Fig. 1A) and
2 emitting at ca, 460 nm in analogous fashion to eqn. 1.
Preparation of h.s.a.i., BaO powder by thermal decomposition of BaCO3 or
Ba(N03)2 was attempted with a view to comparing the luminescence parameters of
the unsupported Ba0 with those just described for Ba2+/Mg0. Luminescence from
J the Ba0 preparations was, however, orders of magnitude less intense than from
% Baz*/MgO samples, making it necessary to employ a 410 nm cut-off filter to
¥ diminish scattered/incompletely-monochromatised photon§ from the excitation
N source to flux levels comparable to any very weak luminescence at > 410 nm
E from the Ba0 samples. Emission spectra obtained in these conditions are shown

in Fig. 3A, where a broad emission centred around 450 nm can be seen as well-

developed for BaO ex-BaCOs but less well so for Ba0 ex-Ba(NO Only this

32

emission feature seemed characteristic of Ba0, since the broad and comparably
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Figure B2.

Effect of Ba2+ surface dopant upon photoexcitation,(Parts A and B),
and luminescence/emission spectra,(Part C),relative to undoped MgO:
2A, Plot I, pure MgO, Plot II 3.2 m.e. Baz*/MgO; 2B Dependence of
excitation features at 340 nm upon following nominal loading of MgO
surface by Ba®* - 3.2 m.e. (A), 1.6 m.e. (B), 0.6 m.e. (C), 0.3 m.e.
(D) and 0.06 m.e. (E); EE_Differences in spectral distribution of
emission from pure MgO (Plot I) and from 3.2 m,e. BaZ+/Mg0 excited
at 340 nm (Plot II) or 280 nm (Plot III).
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Spectroscopic Ba2+/Mg0

Figure 2 demenstrates the striking changes brought about in the luminescence
from MgO following incorporation of Ba2+ onto its surface. The excitation
spectra shown in Part A of the figure show that, whereas undoped MgO gave rise

. to a single excitation band with Amax = 270 nm following preactivation of
1293 K in vacuo, (cf. plot Al), the Ba2+.Mg0 sample with a barium loading
nominally equivalent to 3 m.e., gave two bands in its excitation spectrum with

peaks at A, = 277 and A, = 340 nm respectively. Figure 7B illustrates the

1 2
influence of decreasing the Ba2+-doping level upon excitation features for a
series of Ba2+/MgO samples : — a rapid drop in the excitation feature of the
MgO support should particularly be noted. This shows that the relative
intensity of this excitation feature reflects the level of doping by Ba2+. A
more complex situation, originating from overlap of the Ba2+ feature and those
of the MgO support, clearly existed for the excitation feature with strong
excitation intensities at 260-290 nm. The position of Amax for this feature
was close to the 270 nm position characteristic of the MgO support. Assignment
of the BaZ+-re1ated excitation feature at 340 nm to luminescence as per eqn. 1,
but involving surface 02' displaced outward by 0.79 to positions of lower co-
ordination, in the manner predicted by computations and summarised in Fig. 1,
represented an attractive working hypothesis for explanation of the red-shift
of Amax for this excitation. Evidence will emerge in the following paragraph
that this working hypothesis can also help to account for greatly enhanced
luminescence intensity from Ba2+/MgO relative to MgO or BaO, Plots of
intensity of emitted luminescence versus wavelength of emission are compared

for Baz*/MgO and MgO in Fig. 2C., It may be noted that whereas MgO under

excitation at 270 nm gave emission Amax at 395 n, (cf. plot (i) of Fig. 2C),
excitation of heavily doped Ba2+/MgO at either 280 or 340 nm (cf. plot(ii) of |

Fig. 2C). The results of preliminary studies of the dependence upon Baz*
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i Experiments involved the controlled deposition in UHV conditions of zero-valent
b Ba® ad-atoms - in amounts ranging from submonolayer to multilayer coverage - upon

layers of SrO or Ba0 previously prepared in UHV conditions by evaporation of the
corresponding metal and its subsequent oxidation. These experiments related partic-

K ularly to the important role widely envisaged for a thin coating of B a’ species upon

\ oxide cathode surfaces in minimising their work-function under steady-state operation.

N

E Evaluation of work function changes with increasing coverage, eBa’ of the surface by i
Ba® thus represented the essential information sought from these studies of Ba® upon

" Sr0 and upon Ba0 layers. This information was derived from careful measurements of

the electron energy distribution curve (EDC) for electron emission stimulated from

the pure oxide and that covered with Ba®,

Auger eelctron s pectroscopy was utilised to characterise the chemical composition/ /
chemical purity of the evaporated layers. The most relevant AES spectra have been
redrawn and are presented together in Figures 1 and 4 for comparison. All results
presented are for the 4th nickel foil and for a sequence of measurements carried out

in the Tast week of the stay in Dayton.

1. The Ba/SrO/Ni System: (Figures 1,2 and 3)

Figure 1(a) is an AES spectrum of the nickel foil after repeated attempts to remove _
sulphur and carbon from the surface using argon ion bombardment. The following condit- '
ions were used: Argon pressure = 2 X 10”° Torr ; 1 =5.0mA ; V=1.0kV.; Temp-

erature of foil during ion bombardment = 980°C. Duration of ion bombardment = 10.0 mins

After ion bombardment the foil was heated to 1050°C for a further 10.0 minutes and the

T ———

ion bombardment procedure repeated. The spectrum shown in Fig. 1(a) is of a sample
taken through this procedure 8 times,the argon gas having been changed after the

6th cycle. The background pressure before ion bombardment was in the range of

1 x 10°° Torr. (Ion bombardment with the nickel foil at room temperature was only
effective in removing sulphur and oxygen, but not carbon). Heating with ion bombard-

ment was effective in removing all three contaminents from the surface, but apparently

T W VLT L T T T VYN
) .

also brought sulphur from the bulk to the surface, thus explaining the need for several

cycles. All auger spectra were run in the scanning mode under the following instrument

settings : Ep = 2.4 kV ; VMode

= 2.0 kV ; Sens. = 3.0 mV.

=6eV; R-C, 5 x 10" ms/ch. 40.0 in sec. ; Ip = 100 mA;




Auger spectra (a) nickel support after argon ion bombardment; (b) strontium ‘.
deposited at P = 2 x 107'%7 (gg = 16.0), (c) oxidized at Py =5 x 10771
300°C for 1.0 h, and outgassed for 0.3 h. at 300°C; (d) bariim deposited
on Ni/Sr0 (eg, =1.7)
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In Fiqure 1(b) is shown the auger spectrum of the nickel foil after strontium
evaporation for 2.0 hours with the current (I) of the evaporation set at 1.1 A, :

The background pressure was in the region of 2.0 x 107'° Torr and §pectrum 1b

confirms coverage of the nickel by strontium metal with only a trace of

oxygen. Figure 2 is a "break-point" plot derived from a series of SAES .
taken during deposition of strontium on nickel under the same evaporation
conditions as used above. The change in slope evident at 7.3 min in Fig. 2
identifies this as the time for deposition of the first honolayer of strontium,
It further indicates that the equivalent of sixteen layers of strontium were
deposited or the nickel foil which resulted in Figure 1(b). This strontium
multilayer was then exposed to oxygen at a pressure of 5 x 10'7 Torr for

one hour whilst the nickel foil was heated by a current of 1.0 amps.%jcxtra-
polation of a previous calibration graph of temperature (measured with an optical
pyrometer) versus leating current the temperature of the foil during

oxidation was estimated to be in the region of 300°c. Subsequent to removal

of the oxygen gas ,the system was outgassed for 0.3 hours, with the foil still
being maintained at -300°C so as to remove adsorbed oxygen, and finally

for a further 2.0 hours at room temperature. Figure 1(c) is an auger

spectrum of the oxidized strantium showing the expected large signal for

lattice oxygen of Sr0. However, it is further evident that the nickel peaks,

at 7i6, 783, and 848 eV are also present, suggesting that during oxidation

the strontiur layer underwent some ccalescence, thus forming crevices

tnrough which the nickel again §ecame.accessib1e to the scanning electron

beam to some extent. The SAES spectrum shown in fig. 1(d) was taken after the
final step in construction of the Ba/Sr0/Ni system, viz. dedosition of barium met: :
on top of the oxidised Sr0 layer. It shows the expected appearance of the
characteristic Barium AES peaks and total attentuation of the nickel peaks once

again. It is not clear whether the small oxygen peak originated from oxygen of
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FIGG3 ¢ Work function change (a¢) as a function of barium coverage (eBa) on
strontium oxide :
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the Sr0 layer or trace oxygen. Barium deposition on the Sr0/Ni was made at
-0

a background pressure of 4 x 10 Torr and with heating current I = 1,0 A

for the barium evaporator. The auger spectrum of the resultant Ba/SrO/Ni

given in Figure 1(d) corresponds to a barium coverage of 1.7 monolayer, cal-

culated on the basis of a "break-point” plot run under the same conditions, i.e.
I = 1.0 for the barium evaporator which gave a break-point-time of 58.4

minutes for a monolayer.

- —————— . - W

Figure 3 details the changes in work function observed during deposition

of barium up to eguivalence of 1.7 monolayers on top of the oxidised Sr0
layer. The rapid initial drop in work function caused by growth of the barium
up to 6. = 0.2 monolayer is particularly noteworthy and appears fully
consistent with the beneficial effects usually attributed to surface barium
on oxide cathodes. The broad “valley" at low work function extending

from eg, = 0.2 to e5, - 0.7 would also be beneficial in allowing ¢ to be
independent of B, Over this range. The rise in q>above approximately

the equivalence of a moriolayer of barium is comparable to results on other

systems.

-~

. - L . NS . - ]
The Bac/Bal/wi Susterm: s

In Figure 4(a) is given the auger spectrum of ghe nickel substrate .

Figure 4(b) shows the auger Spectrum'after"barium evaporation onto nickel
initialiy with I = 1.0 A (evaporation time = 0.5 hours )and then with

I = 1.1A for a furtner 1.0 hours. The characteristic auger peaks of barium
can be seen togetner wsth attenuation of the nickel. Although the background
oressure was in the region of 6 x 10719 Torr during evaporation; a small

oxygen peak can be noted.
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4 % Auger spectra of (a) nickel support after érgon ion bombardment; (b) barium
deposited at P = 6.0 x 107'° Torr (e, = 4.5); (c) barium oxidized at Py =5 x 1077
Torr at 300°C for 1.0 hours and outgassed at 300°C for 0.3 hours and (d) 2barium
deposited on Ni/Ba0 (6Ba = 7.0) :

-79 -
N it at i ..
S ARV R I LTI R L o P 4 B T N I R I e e A e et e e o e e
KPP AP RGN AN T e e PR T NN NS
- PRI, il AL R R Y - NC A T T A




—_—_ . w P ry - g diae
PRSI A Nl AL i L L N . N L A AN S pru - A A AP ARRA I Sl S I I S AR A N sM T Ml

A break-point plot for barium evaporation at 1.1 A onto nickel was
obtained in a separate experiment, as shown in Figure 5. This gave the
break-point time for monolayer deposition as 15.0 minutes at 1.1 amps and
implied that roughly 4.5 layers of barium had been deposited for the auqer
spectrum shown in Figure 4(b). This barium layer was then oxidized using
the same procedure as uséd for strontium, the resuliing auger spectrum of

BaO/Ni being shown in Figure 4(c). The strong oxygen peak expected for

lattice oxygen of Ba0 can be seen.

EVAPORATION TIME (Minutes)

a~ A . A

- a A A e

4 3 12 16 20 24 28 32 36 40 44

FIG. C-5: Intensity of the nickel auger peak as a function of barium
evaporation time.
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Evaporation of barfum (I of the evaporator = 1.1 A) onto the Ba0 layer
allowed the Work Function (¢) vs. Coverage Curve shown in Figure 6 to be
constructed. The final SAES spectrum shown in Figure 4(d) was taken after
deposition of this barium overlayer on top of the oxidised Ba0 layer, and

shows the expected enhancement of the Barium/Oxygen AES features.

Work function Values shown in Fig. 6 as a function of eBa on Ba0 were calculated
assuming a value of ¢ = 4.41 e.V. for the nickel support. Despite the fact
that identical procedures were adopted to measure ¢ in both systems the Ba/
BaO/Ni case, unlike the Ba/Sr0/Ni system, does not give a minimum in the plot
of ¢ vs. 8ga° but an apparent maximum at 0pa = 0.25. Figure 6 also shows
that, for ®ga increasing upward from 0.25 at longer barium deposition times,
the work function of the Ba/Ba0/Ni system declined steadily. This appeared
consistent with the idea that, for these larger depositions of barium, most
Ba® remained on the surface thereby causing the effective work function to
drop steadily towards the value for metallic barium. At nett depositions
2¢ca. 7 monolayer equivalents the work function levelled off at ca. 2.4 eV
which falls within the range of values in the literature for metallic barium

(2.1 to 2.7 eV).
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FIG. C-6: Variation in work function (¢) as a function of barium coverage
(eBa) on barium oxide.
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